Breast cancer is a highly heterogeneous disease that is characterized by genetic and epigenetic aberrations; however, our knowledge of epigenetic alterations of breast cancer subtypes remains limited. Here, we portrayed and compared the alterations of six types of histone modifications and DNA methylation between two breast cancer subtypes, luminal and basal. Widespread subtype-specific epigenetic alterations were observed in both subtypes, which preferentially occurred within CpG islands (CGIs) and promoter regions. Specifically, aberrant DNA methylation was mostly located inside CGIs in luminal subtype, whereas in basal subtype it was principally located within CGI shores. Moreover, different types and combinatorial patterns of epigenetic alterations were found to occupy at promoter regions between these two subtypes. And these epigenetic alterations regulated corresponding gene expression in a synergetic way in both subtypes. Functional enrichment analysis highlighted that epigenetically dysregulated genes were significantly involved in the hallmarks of cancers, most of which were subtype specific. Even genes involved in the same hallmarks associated biological processes were affected by various types of epi-modifications in different subtypes. Finally, we revealed distinct patterns of oncogenic pathways activation in different subtypes and provided novel insights into subtype specific therapeutic opportunities. In addition, genes in the key signaling pathways were able to discriminate between disease phenotypes, and subtype-specific progression associated genes were identified. This study presents the aberrant epigenetic patterns of breast cancer subtypes at a genome-wide level, which will be a highly valuable resource for investigations at understanding epigenetic regulation of breast cancer subtypes.
INTRODUCTION
Breast cancer, a leading cause of cancer-related mortality in women worldwide (1) , is considered to be a genetically heterogeneous group of diseases. Both genetic and acquired epigenetic abnormalities participate in the development of breast cancer, accurate understanding of subtype-specific epigenetic regulatory programs that depend on DNA methylation and chromatin (histone) modification, holds important implications for cancer diagnosis, and identification of subtype-specific new targets for therapy.
The classification of breast cancers on the basis of histological criteria is confounded by a number of factors [estrogen receptor (ER), progesterone receptor (PR) and HER2/ERBB2] (2). In recent years, the application of molecular profiling technologies, in particular DNA microarrays for measuring mRNA expression, has added to our knowledge of breast cancer subtypes. Breast cancers have been classified into distinguishing three molecular subtypes based on the levels of mRNA expression of specific genes-luminal (luminal A and luminal B), HER2 and basal (basal A and basal B) (3 -5) . The HER2 subtype is often associated with mutated or amplified ERBB2 (encoding HER2) and has had some degree of clinical success because of the effective therapeutics that can target ERBB2. The luminal subtype often shares expression markers with the luminal epithelial layer of cells lining normal breast ducts and is characterized by the † These authors contributed equally to this work. * To whom correspondence should be addressed at: College of Bioinformatics Science and Technology, Harbin Medical University, Harbin, China. Tel: +86 45186615922; Fax: +86 45186615922; Email: lixia@hrbmu.edu.cn (X.L.); Email: xujuanbiocc@ems.hrbmu.edu.cn. (J.X.) expression of ER, which is not expressed in the basal subtype (6) . The basal subtype is often ER negative, shares expression markers with the underlying basal (myoepithelial) layer of normal breast ducts, exhibits frequent chromosome segmental gains/losses and is associated with poor clinical outcome in most studies (6) . This molecular approach of categorizing breast cancers represents a paradigm shift in how we consider the origins and categorization of breast cancer. However, we are far from having a complete picture of the diversity of breast tumors.
While numerous genetic mutations are linked to breast cancer (7), accumulating evidences have suggested that abnormal alterations of epigenetic modifications are hallmarks of human cancers (8) . The epigenetic regulation by DNA methylation and post-translational modifications of histone are tightly associated with corresponding gene expression in human genome (9) . Many studies have explored the mosaic patterns of DNA methylation and histone modification in cancer cells on a gene-by-gene basis (10) . Among their results have indicated that cancers display perturbed epigenome compared with normal tissues. Moreover, increasing studies have shown that well-defined DNA methylation profiles enable breast cancer subtype prediction (11, 12) . Using an array-based platform with more than 800 cancer-related genes, Holm et al. (13) have revealed that the methylation frequencies were significantly different between breast cancer subtypes, and a large fraction of genes reported as having subtype-specific expression patterns might be regulated through methylation. Besides DNA methylation, variations in global levels of histone marks in different tumor grades, morphologic types and subtypes of breast cancers have been observed and these differences have been shown to have clinical significance (14) . All these observations point that broad epi-modification alteration events emerge in cancer cells and offer partially different visions of how DNA methylation and histone modifications are perturbed in various subtypes of breast cancer. However, the involvement of the epigenome in breast cancer and its contribution to the complexity of the disease are still poorly understood.
One practical way to approach these questions is through conducting an analysis that integrates multiple types of epigenomic and transcriptomic data from the same individual cancer cells. The development of high-throughput sequencing technology provides us an opportunity to investigate the epigenetic mechanism in breast cancer subtypes at a high resolution. In this study, we portrayed and compared the alterations of six types of histone modifications (H3K4me1, H3K4me3, H3K27ac, H3K36me3, H3K9me3 and H3K27me3) and DNA methylation between two cell lines that have been shown to represent two different breast cancer subtypes-luminal and basal (15) (16) (17) . Studies have indicated that these cell lines, as a system, actually mirror many of the biological and genomic properties found within primary human tumors (16, 18) . In order to keep the description compact, we referred these two cell lines as luminal and basal subtypes in our study, respectively. Comparative analysis of epigenetic alterations between the two subtypes revealed widespread distinct patterns of epi-modification alterations, particularly in promoter regions. In addition, we found a combinatory effect of different epigenetic modifications on gene expression in both subtypes. Finally, we showed that alterations of epi-modifications in the two subtypes not only affect genes involved in common cancer biology, but also regulate genes participating in subtype-specific functions. Through integrative analysis of different genetic and epigenetic data types, we revealed distinct patterns of oncogenic pathways activation in different subtypes and provided novel insights into subtypespecific therapeutic opportunities.
RESULTS
Breast cancer subtype-specific marker genes are characterized by epigenetic states Breast cancers have been classified into three molecular subtypes-luminal, HER2 and basal (basal A and basal B); here, we mainly focused on two breast cancer cell lines (MCF-7 and HCC1954) that represent two subtypes, luminal and basal. As one of the typical representatives of luminal subtype, MCF-7 is characterized by ER+/PR+ and HER2-, and often associated with favorable outcome. While HCC1954 is ER-/PR-and HER2+ breast cancer, which is classified into basal subtype, and with poor clinical outcome. Although these two subtypes have been shown to be with different immunohistochemistry profiles, the underlying mechanism of this is largely unknown.
First, we examined the expression of ER, PR, ERBB2 genes in these two subtypes, and compared with one normal sample (HMEC cell line). In accordance with previous reports, ER and PR were found to highly express in luminal subtype than that of control (FC ER ¼ 855.5, FC PR ¼ 1874.6), while ERBB2 was with similar expression between luminal subtype and control (Fig. 1A) . In contrast, ERBB2 was highly expressed in basal subtype compared with control (FC ERBB2 ¼ 157.4), whereas ER and PR were with similar expression levels (Fig. 1A) . Although some previous studies have observed genetic changes of ER, PR and ERBB2 in different breast cancer subtypes (19, 20) , regulation of gene expression is a complex process controlled by several molecular mechanisms, including modification of chromatin structure and DNA methylation (21) . Next, we explored the status of epi-modifications located within promoters of ER, PR and ERBB2 genes in these two subtypes, relative to control, respectively. In total, seven epigenetic modifications were investigated in our study, including six types of histone modification and DNA methylation. Of the seven epigenetic modifications, four (H3K4me1, H3K4me3, H3K27ac and H3K36me3) were epi-marks associated with active transcription while the other three (H3K9me3, H3K27me3 and DNA methylation) were associated with gene repression (22, 23) . As a result, different patterns of alterations of epi-modifications between luminal and basal subtypes were observed (Fig. 1B and C) . In line with the up-regulation of ER and PR in luminal subtype, we found that H3K4me3 and H3K27ac were up-regulated and H3K27me3 was down-regulated. However, the epigenetic patterns of ER and PR in this subtype were different from those in basal subtype (Fig. 1B) . Consistent with ERBB2 high expression in basal subtype, epigenetic alterations were found within all the six types of histone modifications ( Fig. 1B and C ). However, only the level of H3K27ac for ERBB2 was minorly altered in luminal subtype, which might contribute to less change of gene expression (Fig. 1C) . In addition, ERBB2 amplification was observed in basal subtype but not luminal (24) . These observations demonstrated clear differences of epigenetic Human Molecular Genetics, 2014, Vol. 23, No. 20 5379 patterns in the promoters of known marker genes between breast cancer subtypes, and the expression of marker genes were regulated by genetics and epigenetics.
Extensive subtype-related epigenetic dysregulation in breast cancer
To investigate subtype-specific epigenetic modification profiles, we employed a hidden Markov model to infer the states of histone modification changes at each genomic location in each subtype (details in Materials and Methods). As a result, thousands of differential histone modification sites (DHMSs) were identified in both luminal and basal subtypes, compared with control, respectively ( Table 1) . And then consecutive DHMSs with no gaps between them were merged into differential histone modification regions (DHMRs, details in Materials and Methods). In addition, 20 499 and 212 131 cytosines were differentially methylated (DMCs) in these two subtypes, respectively, when compared with control. These results suggested that epigenetic changes in breast cancers appeared to be considerably frequent events. Although there were so many epigenetic changes in both subtypes, cancer subtype-specific epigenetic patterns were evident. Overall, we found that the luminal subtype displayed profound H3K4me1 changes, while the basal subtype tended to show prominent aberrant DNA methylation (Table 1 ). In particular, there were about three times as many H3K4me1 DHMRs in luminal as in basal subtype. In contrast, the number of DMCs in luminal subtype was just 1/10 of that in basal subtype. Another intriguing finding was that although there were more H3K27ac DHMSs in luminal subtype, the number of DHMRs was lower than that of basal subtype. This finding indicated that there was a more consecutive distribution of H3K27ac DHMSs in luminal subtype. We found that the average length of the H3K27ac DHMRs in luminal subtype is 3422.6 bp, which is significantly larger than that of basal subtype (average length is 2575.9 bp, P , 2.2E216, rank sum test). In order to systematically understand how these epigenetic changes were distributed in these two subtypes, we interrogated genomic locations of DHMSs and DMCs in both subtypes. Notably, most of the DHMSs and DMCs were non-overlapping and thus unique to either luminal or basal subtype (Supplementary Material, Fig. S1 ). More specifically, 207 101 H3K4me1 DHMSs were identified in luminal subtype, of which the majority, or 84.1%, was unique and non-overlapping with basal subtype. Even more strikingly, 99.2% of the DMCs were specific to basal subtype, whereas 91.2% of cytosine sites were specifically aberrantly methylated in luminal subtype. Although the majority of DHMSs and DMCs in these two breast cancer subtypes affect different genomic regions, there remains a core set of commonly affected genomic regions. Of these, the vast majority of DHMSs (96.8-98.4%) were coordinately epigenetically changed in the same direction in both breast cancer subtypes. And among these concordant DHMSs, the majority of H3K36me3 DHMSs were up-regulated compared with control (74.0%, n ¼ 12 841), whereas others were down-regulated (53.1-88.0%). In addition, of the 1803 common differentially methylated cytosine (DMC) sites in luminal and basal subtypes, 99.7% (n ¼ 1798) were differentially methylated in the same direction in both subtypes, and the majority of these DMCs were aberrantly hypermethylated versus control (61.5%, n ¼ 1106) (Supplementary Material, Fig. S1G ). Fig. S2G ). In contrast, comparison of the cytosine methylation profiles of the basal subtype with control identified a predominance of aberrantly hypomethylated sites. Moreover, the large difference of epigenetic changes of these two breast cancer subtypes was observed on chromosomes 8 and 20 (Supplementary Material, Figs S2A-F). Especially, most of the H3K4me1 and H3K4me3 DHMSs were up-regulated on chromosome 20 in luminal subtype, while most of the upregulated DHMSs were located on chromosome 8 in basal subtype. Aberrations in chromosomes 8 and 20 are common in breast cancer, and numbers of genes (such as BCAS1 and RHOBTB2) located on these two chromosomes were found to be functionally dysregulated in breast cancer (25, 26) . Of note, a previous study found that luminal breast cancers had more genomic alterations on chromosome 8 (27) , indicating that genomic and epigenetic mechanisms may act in a complementary manner to some extent.
Altogether, these results suggest two layers of epigenetic programming in breast cancer; besides the common epigenetic defects representative of breast cancer, we demonstrated the existence of robust breast cancer subtype-specific epigenetic alterations, which may extend beyond distribution patterns to include regulation of genes in a subtype-specific way.
Distinct genomic distribution of aberrant epigenetic modifications in breast cancer subtypes
Most of previous studies related to epigenetics in breast cancer were restricted to promoter microarrays (12) or locus specific assays (5) that do not provide wide-spread resolution. In this study, we integrated available epigenetic modifications, allowing us to explore distinct epigenetic patterns of these two breast cancer subtypes simultaneously. The pronounced intersubtype differences of epi-modification alterations provoked the question that whether genomic features were involved in such differences. Then the distribution of the intensities for each epi-modification on each type of genomic feature was summarized ( Fig. 2A) . Our data revealed that although the consistency levels varied from modification to modification, the relative difference in epi-modification intensities on different genomic features are general across these two subtypes.
Promoters and CpG islands (CGIs) represented the regions that are with the highest variability in chromatin modifications in both breast cancer subtypes. Besides these two genomic features, we found that most of the H3K36me3 DHMRs were mapped to coding sequences, which was consistent with its association with gene bodies (23) . Although most of the epigenetically aberrant genomic features were with small overlap in breast cancer subtypes, the overlap of CGI associated features were relatively high in the H3K4me3, H3K27ac and H3K27me3. Specifically, about 8.54, 7.94 and 10.50% of the CGIs were covered by H3K4me3, H3K27ac and H3K27me3 DHMRs, respectively. In addition, most of the chromatin modifications of the overlap-CGIs were down-regulated in breast cancer.
When considering the relation of DMCs to genomic features, we found that the promoters and CGI-related features were the main target regions of aberrant methylation in both breast cancer subtypes ( Fig. 2A) . However, more detailed analysis identified markedly dissimilar distribution of DMCs at CGI-associated features between luminal and basal subtypes. In luminal subtype, CGIs were more frequently overlapping with DMCs, whereas CGI shores harbored more DMCs than CGIs did in basal subtype (Fig. 2B ). This result demonstrated the preferential localization of DMCs in different breast cancer subtypes, where variability of methylation shifts its focus to different genomic features. Association between altered DNA methylation patterns and the CGIs has been found in many human tumors and other biological processes (22, 28, 29) . Next, we comprehensively investigated the aberrantly methylated CGI-associated features in two breast cancer subtypes. Notably, 2136 (7.78%) CGIs were aberrantly methylated in luminal subtype, of which the majority of CGIs, or 89.5%, was unique. In the case of basal subtype, there were 600 (2.19%) CGIs covered by DMCs, 62.7% of which were unique and nonoverlapping with luminal subtype (Fig. 2C) . By examining the 224 common differentially methylated CGIs in both two subtypes, we found that 96.4% (n ¼ 216) were coordinately differentially methylated in the same direction, and the majority of these CGIs were hypermethylated when compared with control (94%, n ¼ 203). In addition, the results of aberrantly methylated 3 ′ -shores and 5 ′ -shores were similar as the CGIs (Supplementary Material, Fig. S3 ). The distribution of aberrantly methylated CGIs in these two breast cancer subtypes indicated that the methylation of these CGIs was not only perturbed in opposite patterns, but was also associated with an almost completely distinct set of CGIs and/or CGI shores. Subtype-specific epigenetic modification patterns of promoters
As a relatively high proportion of promoters had epigenetic alterations, we next dissected the epigenetic alterations in this special genomic region in details. First, promoter regions of genes overlapping with DHMRs or DMCs were identified. Using this approach, about 53.1 and 46.8% promoters that were covered by at least one type of epigenetic changes were identified as epigenetic-changing promoters in luminal and basal subtypes. Promoters with only one type of epi-modification alterations contributed a large splice (43.0 and 57.5% in luminal and basal subtype, respectively) of epigenetic-changing promoters in both breast cancer subtypes (Fig. 3A) . The remaining large proportion of promoters was regulated by the combinations of two or more epi-modifications, indicating that a considerable amount of intricate ones that might regulate some special DNA segments.
Although some similar distributions of global epimodification alterations within promoters were observed in luminal and basal subtypes, there still existed remarkably different patterns between them. In case of single epi-modification alterations, different types of modifications had distinctive extent of contributions to luminal or basal subtype. In particular, a large proportion of promoters were covered by H3K4me1, H3K27ac and H3K27me3 in luminal subtype, while in basal subtype, H3K27ac, DNA methylation and H3K4me3 made a chief contribution (Fig. 3A) . It has been shown that chromatin features possess a certain level of redundancy and that certain chromatin features may work in a combinatorial fashion (30) . We then asked whether the co-occupancy of two epi-marks is similar across these two breast cancer subtypes. About 32.6 and 26.3% of the epigenetic alteration promoters were bivalent alterations in luminal and basal subtypes, respectively (Fig. 3A) . However, the bivalent alteration patterns in two subtypes were different. In luminal subtype, H3K4me1/H3K27ac, H3K4me1/H3K27me3 and H3K4me3/H3K27ac were the most frequently bivalent alterations. Whereas the most frequently bivalent alterations were H3K4me3/H3K27ac, H3K27ac/DNA methylation and H3K4me3/H3K27me3 in the basal subtype ( Fig. 3B and Supplementary Material, Table S1 ). Moreover, H3K27ac was most likely to be altered together with other epimodifications in basal subtype, while H3K4me1 co-altered with others most frequently in the luminal subtype ( Fig. 3B and Supplementary Material, Table S1 ). In contrast, we found that some bivalent modification pairs rarely co-altered in both two subtypes, such as H3K4me3-H3K36me3. This observation is supported by various results of previous studies that H3K4me3 and H3K36me3 seem to have mutually exclusive localizations, and H3K4me3 might inhibit the formation of H3K36me3 (31). When we compared the distribution of three co-located epi-modification alterations, H3K4me1/H3K4me3/ H3K27ac, H3K4me1/H3K27ac/H3K27me3 and H3K4me1/ H3K4me3/H3K27me3 were the most frequently present in luminal subtype, while for basal subtype, the most frequently present ones were H3K4me1/H3K4me3/H3K27ac, H3K4me3/ H3K27ac/DNA methylation and H3K4me1/H3K27ac/DNA methylation ( Fig. 3C and Supplementary Material, Table S2 ). However, these findings indicated that these two subtypes are under epigenetic regulation of discriminating types or patterns of epi-modification alterations, showing distinctive contributions to separate subtypes, which may lead to different biological consequences that possibly result in divergent progresses of these two subtypes.
Coordinative epigenetic states correlate with transcriptional changes
The gene expression program is tightly managed by a dynamic chromatin environment, in which epigenetic factors, such as histone modifications and DNA methylation, play a crucial role in determining. Alterations of epi-modifications may lead to changes in gene expression (21, 22) . Next, multiple approaches were used to assess the relationship between epigenetic alterations and gene expression. We found that correlations of global gene expression between two subtypes and the normal were elevated when genes with epi-modification alterations were not considered ( Fig. 4A and B, in all instances except H3K9me3 the differences were significant-P , 0.05 by the Fisher R to Z transformation test), indicating that these epi-modification alterations might impact the transcriptional process of genes. Especially, the alterations of H3K4me3 showed the greatest impact on gene expressions in both subtypes. This result was consistent with the observation that H3K4me3 is one of the most important features for prediction of gene expression levels (32) .
In order to investigate the associations between epigenetic alterations and gene expression patterns, we evaluated each epigenetic modification for each gene in relation to its expression pattern in two subtypes. We first categorized genes into four different groups according to the number of different types of epi-modification alterations co-located within regions of their promoters: genes with single type of epi-modification alterations, genes with two types of epi-modification alterations, genes with three types of epi-modification alterations and genes with no less than four types of epi-modification alterations. Genes in each of the four groups described above were subsequently divided into different subgroups, according to the effect of the alterations of epi-modifications on the transcription of corresponding genes. Marks of H3K4me1, H3K4me3, H3K27ac and H3K36me3 were generally associated with transcriptional activeness, whereas H3K9me3, H3K27me3 and DNA methylation were associated with transcriptional repression (23, 33, 34) . In the 'active' subgroup, genes were all with up-regulated active epi-modifications and/or down-regulated repressive epi-modifications. Genes in the 'repressive' subgroup were with up-regulated repressive epi-modifications and/or down-regulated active epi-modifications. The 'indeterminate' subgroup encompassed genes with opposite regulation direction of epi-modification alterations, such as up-regulated active epimodifications and up-regulated repressive epi-modifications, whose effect on gene expression was theoretically indeterminate. The global expression level of genes in 'active' groups was increased, while expression levels of genes within 'repressive' groups were found to decrease in both subtypes (Fig. 4C  and D) . Furthermore, as the number of types of altered epimodifications involved within the promoters increased, the effect of the alterations on transcriptions became more apparent ( Fig. 4C and D) . Specifically, genes with H3K4me3 and H3K27ac alterations were with the highest changes in gene expression, which were higher than those with H3K4me3 or H3K27ac alterations in both subtypes ( Fig. 4E and F) . Although for H3K4me3, a function during transcription initiation has been proposed, a similar function has not been established for H3K27ac. A possible explanation of the effect of H3K27ac on gene expression is that H3K27ac might prevent the repressive tri-methylation of the same residue, because H3K27ac and H3K27me3 are mutually exclusive (32) . Indeed, we found only few genes were with co-alterations of H3K27ac and H3K27me3 (Fig. 3B) . Alternatively, H3K27ac itself may be recognized by a protein complex required for transcription, thus activating the expression of downstream genes (32) . Although the alterations of a single modification can affect the gene expression, not both these two modifications are equally important to the effects of gene expression, and the effect of H3K4me3 on gene expression was greater than that of H3K27ac.
Our results indicated that various types of epi-modifications might alter synergistically or antagonistically to regulate the transcription of genes involved in biological processes of breast cancer, which was in agreement with previous study that has demonstrated that the combination of several histone modifications showed a cooperative manner in regulating transcriptional events (30) .
Subtype-specific epi-modification alterations involved in hallmarks of human cancers
To further investigate the functional roles of altered epimodifications in breast cancer subtypes, we performed a
5384
Human functional enrichment analysis focusing on the genes showing both differential epi-modifications and a corresponding distinctive expression when compared with control. Although 'cancer' comprises a heterogeneous group of diseases, one characteristic and unifying feature is the creation of abnormal cells that grow beyond their natural boundaries, which was driven by the hallmarks of human cancers (8, 35) . Thus, we mainly investigated the cancer-relevant epi-modification alterations through analysis of target genes in the context of hallmarks of human cancer. In total, this analysis revealed 12 and 13 'hallmarks of cancer'-associated GO biological process terms in luminal and basal subtypes (FDR , 0.05), respectively. Not surprisingly, it revealed the fact that these two cancer subtypes share several biological processes commonly used by breast cancers (Fig. 5A) . Among the shared six biological processes, four were involved in the hallmark of cancer 'tissue invasion and metastasis', one was involved in 'self-sufficiency in growth signals' and the other one was in 'insensitivity to antigrowth signals'. Invasive potential is one of the features of the primary tumors where luminal and basal subtypes were derived from. These shared biological processes may partly represent ones that were frequently dysregulated in breast cancer, suggesting that some epigenetic modifications regulate common biological processes across multiple subtypes of breast cancer. Interestingly, a considerable part of genes in the shared hallmarks associated biological processes were subtype-specific (Fig. 5B) . For example, 194 and 178 genes with epi-alterations were annotated in the hallmark of 'tissue invasion and metastasis' in luminal and basal subtypes, respectively. However, only about 50% genes were common. Meanwhile, these common genes were regulated by various types of epigenetic modifications (Fig. 5C ). These subtle differences between these two subtypes may be part of the intricate factors that lead to the distinctive degrees in capabilities of invasion, metastasis and abnormal cell growth. On the other hand, although some biological processes were associated with the same hallmarks of cancer, they were epigenetically perturbed in specific subtype (Fig. 5A ). For example, the hallmark 'evading apoptosis' was epigenetically dysregulated in both luminal and basal subtypes, but involved biological processes were different, viz. that 'negative regulation of programmed cell death' in luminal and 'negative regulation of apoptosis process' in basal subtypes. Furthermore, specific cancer hallmarks were epigenetically dysregulated only in one of these two subtypes. In particular, the hallmarks 'sustained angiogenesis' and 'reprogramming energy metabolism' were found to be epigenetically dysregulated in luminal and basal subtypes, respectively. The hallmark 'sustained angiogenesis' is deemed to be a preponderant capability of relatively incipient cancer cells that require expansion. Cancer cells initially lack angiogenic ability, limiting their potential to expand. In order to progress, they must develop a blood supply. Whereas 'reprogramming energy metabolism' hallmark indicates adjustments of energy metabolism in order to adapt the cancer cells for the current microenvironment and ensuing development (8) . During the progressive stages of tumorigenicity and tumor development, to sustain uncontrolled proliferation, cancer cells make adjustments to their energy production by reprogramming energy metabolism. These findings indicated that different types of tumor cells take advantage of distinct molecular strategies to activate and sustain the development of tumor.
Collectively, these observations suggested that most of the biological processes that were associated with hallmarks of cancer were epigenetically dysregulated in specific subtype. Even in the commonly involved biological processes, different subsets of genes or the same subsets of genes with distinctive epimodification alterations participated in the oncogenic processes of these two subtypes.
Epigenetic assessment reveals distinct patterns of oncogenic pathways activation in breast cancer subtypes Both genetic and epigenetic changes contribute to development of human cancers. Systematic characterization of breast cancer genomes has identified somatic mutations in several key signaling pathways; next, we explored whether these genes were also regulated by epigenetics and further investigated that if the epigenetic regulations were subtype specific. Globally, most of the frequently somatic-mutated genes, such as ER, HER2, AKT and MAPKs, were also regulated by various types of epi-modifications in both subtypes (Fig. 6A) , implying the interactions of genetic and epigenetic processes in tumor onset and progression. It is wellestablished that the genetic change not only plays a significant role in tumorgenesis, but also it is associated with inter-and intratumor heterogeneity (36) . Interestingly, we found that these genetic signatures were also epigenetically regulated in a subtype specific manner. In the key signaling pathways of breast cancer, receptors are molecular gates on the surface of cells, which receive chemical signals from external substances and direct cells to response, such as cellular division, apoptosis or permissions for entrance or exit of specific molecules. Thus, different epigenetic dysregulation of receptor genes may result in distinctive biological consequences. For example, CDH1, encoding cadherin-1 (also known as E-cadherin), was with significantly increased H3K4me1 and H3K27ac signals within its promoter region in luminal subtype (Fig. 6A) , but there were no epigenetic changes in basal subtype. Cadherin-1 is a calcium-dependent cell-cell adhesion glycoprotein, and activation of this gene is thought to weaken the potential of proliferation, invasion and metastasis of cancer cells (37, 38) . Therefore, the epigenetic activation of CDH1 in luminal might be contributed to the relatively weaker ability of proliferation, invasion and metastasis compared with the basal subtype. In addition, the gene AKT1, which is a key intermediate of signaling pathways, was specifically mutated in luminal breast cancers. A large body of literature has documented frequent hyperactivation of AKT kinases in a wide assortment of human solid tumors (39) . We found that this gene was epigenetically dysregulated in luminal subtype (Fig. 6A) , with significantly increased signals of H3K4me1 and H3K27ac. Although it is not genetically or epigenetically dysregulated in basal subtype, the upstream molecules, including epidermal growth factor receptor (FGFR), phosphatidylinositol 3-kinase (PI3K) and PTEN (Phosphatase and Tensin homologue deleted on chromosome 10) were frequently dysregulated (Fig. 6A) . Dysregulation of these upstream regulators may further result in perturbing the AKT pathway in basal subtype. Other candidate driver genes that fit into an emerging pattern of subtype-specific pathway activation were ESR1, NRAS and HRAS, which were all with distinct epigenetic regulation patterns.
These results suggested the distinct patterns of oncogenic pathways activation in different breast cancer subtypes, which
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Human Molecular Genetics, 2014, Vol. 23, No. 20 is likely to generate more insight into identifying subtypespecific drug targets. As a result, we found that evidences have shown that AKT1 is a luminal-specific drug target (40) . In contrast, most of the upstream regulators of AKT1 are basal subtypespecific drug targets, such as EGFR and ERBB2. Erlotinib has been shown to be an effective drug to target EGFR and could inhibit tumor growth and metastasis in basal subtype. These different therapies were consistent with the distinct patterns of oncogenic pathways activation. Additionally, as epigenetic regulation of gene expression is a dynamic and reversible process, assessment of the epigenetic patterns may predict more subtype-specific epigenetic drugs. As EGFR is significantly regulated by H3K27ac, we proposed that histone deacetylase inhibitors may be other alternative drugs for treatment of basal subtype breast cancers. Indeed, evidences have shown that inhibition of histone deacetylase can suppress EGF signaling pathways by destabilizing EGFR mRNA in ER-negative human breast cancer cells (41) . Genes with subtype-specific epigenetic regulation may have an important role in clinical practice; we found that the 39 genes in the key signaling pathways showed significant subtypespecific expression patterns in clinical samples. These genes were able to distinguish between luminal and basal subtypes ( Fig. 6B and Supplementary Material, Table S3 ). Next, we further explored which genes can be effectively used as a prognosis signature for breast cancers. To demonstrate this, we performed Cox regression analysis to evaluate the significance of the associations between gene expression and overall survival. As a result, no genes were identified for all breast cancer patients. However, one and six genes were identified as subtype-specific progression biomarkers in luminal and basal breast cancers, respectively (Fig. 6C) . In both subtypes, patients were further 
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divided into high-and low-risk groups based on their risk scores [detailed methods were described in ref. (42)]. Consequently, patients with high-risk scores had shorter median survival than those with low-risk scores ( Fig. 6D and E) . Taken together, these observations suggested that the cumulative changes in genetic and epigenetic influence gene expression during tumorgenesis. New models of oncogenomic progression must consider the combined effect of epigenetic and genetic changes which contribute to the tumor heterogeneity collectively. Systematic analyses of the epigenetic patterns of different types of cancers may open another door to epigenetic targeted therapy.
DISCUSSION
In this study, we have characterized epigenetic alterations associated with the two major breast cancer subtypes, defined by ER, PR and HER2 status. We found that in both subtypes, the expression of these three marker genes was strictly regulated by epigenetics. ERBB2 (or HER2) gene amplification occurs in most of breast cancers, and is thought to be the major reason of its overexpression in breast cancer. We found that ERBB2-overexpressing breast carcinomas acquire the H3K4me3 mark on the ERBB2 promoter, which is consistent with one recent study that has demonstrated that in addition to genetic alterations such as amplification, expression of ERBB2 is also regulated by epigenetic factors independent of gene amplification (43) . The H3K4me3 enrichment on the ERBB2 promoter has been demonstrated to be responsible for enhanced AP-2 promoter occupancy and elevated ERBB2 expression. In addition, it has been demonstrated that down-regulation of ERBB2 by reduced H3ac was sufficient to effectively inhibit colonogenicity (44) . In our study, we also observed elevated H3K27ac in the ERBB2 overexpression cell line. Thus, ERBB2 activation in human breast cancers can involve a number of discrete epigenetic as well as genetic alterations. Genome-wide comparison of epi-modification alterations in two breast cancer subtypes, we found that even though the two breast cancer subtypes were with different epigenetic patterns, they still shared a core set of epigenetic dysregulated genomic regions (9.87-52.4 MB, Supplementary Material, Fig. S1 ). In addition, most (96.8% 99.7%) of these genomic regions were epigenetically dysregulated in the same direction. These observations point toward the existence of a core of epigenetic lesions that are a necessary event during malignant transformation. However, most of the abnormal epigenetic patterning does not occur in a stereotypical manner in cancer (45), instead adopts distinct and specific distributions in different cancers or the same cancer with different genetic background.
The studies of gene promoters and CGIs under the assumption that epigenetic variation at these locations would have functional importance have been the focus of most cancer-related epigenetic studies (46) . In both breast cancer subtypes, a relatively high portion of promoters and CGIs were with epi-modification alterations. However, more detailed analysis identified markedly dissimilar distribution of DMCs at CGI-associated features between luminal and basal subtypes (Fig. 2B) . We also have shown that integration of the epigenomic and transcriptional data for both subtypes reveals that epi-modification alterations affect gene expression in a cooperative fashion. Furthermore, these epigenetically regulated genes were significantly enriched in some hallmarks of cancer. Even though they shared some hallmarks of cancer, the underlying biological processes or even genes in the same hallmarks were altered by distinctive epi-modifications.
Finally, we related our results to distinct patterns of oncogenic pathway activation in different subtypes and showed that conducting the analysis in each tumor subtype pointed to genes and associated pathways that may represent therapeutic targets for specific groups of patients. In a test of 77 therapeutic compounds, nearly all drugs showed differential responses across different breast cancer subtypes, and approximately one-third showed subtype, pathway-specific responses (17) . Our systematical analysis of the epigenetic patterns may also reveal some subtype-specific drug targets, such as AKT1, EGFR and MAP2K1 (Fig. 6) . Given the significant role that has been uncovered for epigenetic modifications in cancer development, coupled with the reversible nature of epigenetics, our observations could have enormous significance for the prevention and control of cancer.
The goal of our study was to discover, in an unbiased fashion, epigenetic patterns of different breast cancer subtypes. For a more comprehensive understanding of how epigenetic alterations drive cancer cell survival and proliferation, it is imperative to conduct an analysis that integrates epigenetic alteration information and transcriptional data from the same individual samples. However, limitations on the abundance of tissue samples with both histone modification, DNA methylation and transcriptional data necessitate the use of cell lines in the study of breast cancer subtype-related epigenetic patterns. And evidences have shown that the cell lines represent a suitable in vitro model system to study the underlying mechanisms of tumor development (18, 47) . With the increase of epigenetic data set of tissue samples, this paradigm can be expanded. In addition, we also validate our observations in a series of real patient breast cancers of these different molecular subtypes. As a result, we found that in luminal subtype, CGIs were more frequently overlapping with DMCs, whereas CGI shores harbored more DMCs than CGIs did in basal subtype (Supplementary Material, Fig. S4 ). Moreover, in a series of real patient breast cancers of these two subtypes, different epigenetic modifications regulated the expression of gene in a coordinate manner (Supplementary Material, Fig. S5 ). It is clear that the epigenetic regulation patterns of the two subtypes are different. This is evident that the epigenetically dysregulated genes that were involved in the key signaling pathways can significantly distinguish breast tumor samples into luminal and basal subtypes (Supplementary Material, Fig. S6 ). In addition, we found that some genes were associated with the survival of patients in specific subtype, such as MDM2, RB1 and CDK4. Most of these genes were epigenetically dysregulated in specific subtype. These results indicated that systematical analysis of the epigenetic patterns provided more accurate classification and survival predictions for patients with breast cancer, aiding more appropriate for adjuvant therapy.
The reason behind the different epigenetic patterns in the breast cancer subtypes is unknown but could reflect different cellular origins. It has been suggested that basal-like tumors originate from an aberrant population of luminal progenitor cells (48) . Therefore, basal-like breast cancer has a more stem cell-like Fig. S7 ), which is consistent with the process of normal differentiation during which PRC2 is removed and these PRC2 targets are preferentially activated (51) . In our study, seven types of epigenetic modifications were analyzed, due to the limitation of accessible data. And furthermore, different modifications may target different function-rich genomic sequence compartments, including both proximal and distal regions relative to genes, such as promoters and enhancers, respectively. Thus, the present study partially illuminated epigenetic steps in the convergence and divergence between breast cancer subtypes. Our results add a novel layer of information to the differences between the molecular subtypes and the heterogeneous nature of breast cancers.
MATERIALS AND METHODS

Epigenetic and transcriptomic data sets of two breast cancer subtypes
Here, we portrayed and compared the alterations of six types of histone modifications (H3K4me1, H3K4me3, H3K27ac, H3K36me3, H3K9me3 and H3K27me3) and DNA methylation between two cell lines (MCF-7 and HCC1954) that represent two breast cancer subtypes-luminal and basal. As a control, the human mammary epithelial cell (HMEC) was used. The ChIP-Seq data corresponding to H3K4me1, H3K4me3, H3K27ac, H3K36me3, H3K9me3 and H3K27me3 in HCC1954 cell line were obtained from NCBI Gene Expression Omnibus (GEO) database (52) (Supplementary Material, Table S4 ). The ChIP-Seq data corresponding to these six histone modification in HMEC and MCF-7 cell lines were all downloaded from the UCSC (generated by the ENCODE group) (53) except for H3K4me1 in MCF-7 cell line which was downloaded from GEO database (54) . Download files are all in FASTQ format.
In addition, the DNA methylation data sets for these three samples were all obtained from GEO (52,55) (see details in Supplementary Material, Table S4 ), which were generated by the MethylC-Seq approach. Gene expression data for MCF-7 was generated from ENCODE (53) , and those for HCC1954 and HMEC were both obtained from GEO (52) (Supplementary Material, Table S4 ).
Annotation of genomic features
The genomic features, including 5 ′ -untranslated regions (5 ′ -UTRs), 3 ′ -untranslated regions (3 ′ -UTRs), exon, intron, coding sequences (CDSs) and CGIs for the hg18 genome, were downloaded from UCSC (56) . CGIs were defined as regions of DNA of greater than 500 bp with a G + C equal to or greater than 55% and observed CpG/expected CpG of 0.65 (57) . In addition, the CGI shores were defined as the 2 kb regions upstream or downstream of CGIs (58) . Similar as previous studies, promoters were defined as regions 2 kb up-and downstream of the transcription start sites (TSSs) of Refseq genes (59).
Methods
Reads mapping
Reads generated from ChIP-Seq were mapped to human reference genome (hg18) by Bowtie program (60) , and only reads mapped to hg18 with, at most, three mismatches were retained for subsequential analysis. RNA-Seq reads were mapped to hg18 by the Tophat program (61) with default parameters. To quantify FPKM expression (Fragments Per Kilobase of exon model per Million mapped fragments) at gene level, the Cufflinks program (62) was applied to assemble the mapped Tophat reads with default parameters.
Identification of differential histone modification sites
The ChIPDiff program (63) was used with default options for quantitative comparison of all the six histone modification levels between breast cancer cells and normal breast cells (comparisons between MCF-7 and HMEC, HCC1954 and HMEC, separately). ChIPDiff is a tool designed for the genome-wide comparison of histone modification sites identified by ChIP-Seq, which is based on the observations of ChIP fragment counts and employs a hidden Markov model to infer the states of histone modification changes at each genomic location. The whole genome was partitioned into 1 kb bins by ChIPDiff, and we removed bins located on the Y chromosome. One kilobit bins that were identified as DHMSs by ChIPDiff and DHMRs that were merged from consecutive DHMSs with no gaps were kept for downstream analysis.
Identification of DMCs
Reads of MethylC-Seq data were aligned to the reference genome (human hg18) using Bismark alignment package v.0.7.1 (64) with a maximum of three mismatches, and only uniquely aligned reads were kept. Bismark is a program to map bisulfite treated sequencing reads to a genome of interest and performs methylation calls in a single step. Percent methylation values for CpG dinucleotides are calculated by dividing the number of methylated Cs by total coverage on that base. Then methylKit (65) which is an R package for epigenome analysis was used with default parameters to identify the DMCs. Briefly, we used the Fisher's exact test to compare the fraction 
Identification of epigenetically dysregulated features
To discern the biological impact of differential epi-modification events, each event must be put into its genomic context for subsequent analysis. Genomic features (such as, promoters, 5 ′ -UTR, CDS, CGI) overlapping with DHMRs or DMCs were regarded as epigenetically dysregulated features. The identification was conducted by BEDTools (66) .
Identification of enriched hallmarks of cancer Enrichment of Gene Ontology (GO) biological process terms in both epigenetically regulated gene sets was assessed by computing a hypergeometric P-value with the Benjamini-Hochberg correction (FDR ≤ 0.05). In addition, a list of GO terms that were related to the hallmarks of cancer were obtained from a previous study (67) . In both subtypes, we selected all the GO terms that pass the significance threshold and are in the list of cancer hallmarks related GO terms. The statistical analysis was conducted using the R software package (68) .
Key signaling pathways in breast cancer and subtype-specific drug targets Systematic characterization of breast cancer genomes has identified somatic mutations in several key signaling pathways. The key signaling pathways in breast cancer were obtained from a SnapShot of the Cancer Cell journal (69) .
The subtype-specific drug targets were obtained from previous studies (40) . Briefly, for a drug, the IC50 values between luminal and basal cell lines were compared. Kruskal-Wallis ANOVAs were used to evaluate the statistically significant differences in IC50 between the subtypes.
Clustering analysis
Hierarchical clustering of the gene expression arrays was done using the bioconductor package 'gplots', using hierarchical agglomerative clustering (complete linkage) and Euclidean distance to perform the hierarchical clustering.
Identification of the subtype-specific prognostic biomarkers
In order to explore whether the genes with epigenetic alterations can be used as prognostic biomarkers, Cox regression analysis was used to evaluate the association between survival and the expression level of each gene in all breast cancer samples, luminal subtypes or basal subtypes. Genes that were significantly correlated with survival (P , 0.05) were identified as members of the gene signature. More specifically, we assigned each patient a risk score according to a linear combination of the gene-expression values weighted by the regression coefficients from the aforementioned univariate Cox regression analyses. The risk score for each patient was calculated as follows:
where b i is the Cox regression coefficient of gene i, and n is the number of genes that are significantly associated with survival. All patients were thus divided and dichotomized into high-risk and low-risk groups using the median risk score as the cut-off point. The Kaplan -Meier method was further used to estimate the overall survival time for the two subgroups. The differences in the survival times were analyzed using the log rank test.
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